Engineering geologic evaluation of overcompacted claystone, new metro line, Budapest by Barsi, Ildikó et al.
The Oligocene clay units in the Budapest area along the new metro (subway) line show different
properties than most others. They are denser and of greater strength than most of the unconsolidated
ones. This paper provides an overview of their engineering geologic properties using nearly 4700
physical parameter data. These data were obtained from cores representing sampling intervals of the
Kiscell Clay, on the Buda side of the Danube River. Seventeen engineering geologic parameters were
used in the description of the clay. The parameter analyses show that the clay behaves as a soft rock
rather than a soil.
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Introduction
The Oligocene Kiscell Clay is a widespread formation that occurs in the
surroundings of Budapest and is often exposed in foundation pits. Previous
studies concentrated on the physical properties of the clay and dealt with
landslides (Paál 1976; Németh 1980). Extensive studies were carried out in relation
to large construction projects, as well as the necessary laboratory tests (Horváth et
al. 2000; Paál 2001). The earlier publications listed above clearly demonstrate that
the Kiscell Clay is not a uniform sediment, and that its properties change from
place to place. Statistical analyses of soil mechanical parameters and engineering
geologic properties of the Kiscell Clay occurrences in parts of Buda had
previously been made (Görög 2007a, b), but additional new datasets require
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further analyses. The present paper analyses the new dataset in comparison with
previous results, as new core data and laboratory analyses have become available
along Metro Line 4, which is currently under construction. 
Engineering geologic settings
History of the construction of Metro Line 4
There have been many plans for the design of the metro (subway) network of
Budapest in the past century. Most of these designs consider a line that connects
the southern Buda side with the central eastern Pest side (Zugló). The plans were
unanimous that the new line (called Line 4) was to pass through Móricz
Zsigmond Square (a centrally located square on the Buda side) and should end at
Bosnyák Square (a centrally located square in the eastern part of Pest). The new
line required junctions with the already existing Lines 2 and 3. Meanwhile there
had been discussions about the alignment on the Buda side, whether it should
follow Fehérvári Street to Budafok, or should pass Etele Square and terminate at
Budaörs (www1). 
Preparations for construction began in the early 1970s, when the previous plans
and designs were re-evaluated. This 30-year-long process began in 1972, when the
Development Plan of Budapest declared that the new so-called Line 4 should be
the South Buda–Rákospalota line. In 1974 the Hungarian Technical Development
Committee finalized the alignment and outlined the construction technology.
Two years later the Ministerial Board made a decision (no. 3034/1976) and
declared that the beginning of the construction would be in 1978. Due to financial
and political uncertainties and legal cases, the contract was only signed 25 years
later in 2003. The construction of the tunnel and stations only began in 2006
(www2). 
The alignment of Metro Line 4
The new metro line (Line 4) is divides into two sections. The first one includes
a 7.3 km-long double tunnel system between Kelenföld Railway Station and Keleti
(East) Railway Station. Along this part 10 stations are planned. The stations on the
Buda side are Kelenföld Railway Station, Tétényi Street, Bocskai Street, Móricz Zs.
Square, and St. Gellért Square (Fig. 1). The second section, which is still in the
planning stage, includes an additional 4 kilometers from Keleti Railway Station to
Bocskai Street. Extension plans for the line consider a line to Budaörs or to
Rákospalota. 
The line is below ground due to the need to cross the Danube and to intersect
previously existing metro lines and rail connections. No horizontal sections occur;
the inclination of the most gentle slope is 3.0‰, while the steepest one is 36.3‰.
The deepest point is located at St. Gellért square (73.75 m asl), while the highest
point is at Kelenföld Station at an altitude of 96.27 m asl (www2).
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Geologic build-up of the Buda side
Although the geology of the Budapest area is very complex and shows several
structural geologic events, the metro line on the Buda side dissects fairly
homogeneous formations until St. Gellért Square Station. The tunnels, the
stations, and the service tunnels are mostly located within Oligocene clay
formations (Geovil 2005). The most widespread one is the Kiscell Clay Formation.
This formation is divided into three, engineering geologically differing, rock
types: the upper "weathered" zone, the middle "expanded" zone and the lower
"intact" Kiscell Clay. Most of the tunnels and most of the stations are cut into the
expanded and intact clays (Horváth et al. 2000). At St. Gellért Square and at the
Danube crossing, other formations are also present. A tectonic contact between
the Kiscell Clay and Tard Clay Formations was recorded in the previous
engineering geologic analyses (Geovil 2005). In the foundation pit of St. Gellért
Square Station very steeply-tilting bedding planes of Kiscell Clay were observed.
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Fig. 1
The alignment of Metro Line 4 on the Buda side
The oldest formation along the line is represented by Late Triassic dolomite, that
was encountered in cores cut at St. Gellért Square and in the riverbed of the
Danube. These uplifted Triassic karstic blocks beneath the river were also
documented by using geophysical methods (Tóth et al. 2003).
Within the study area the Kiscell Clay and Tard Clay are covered by
Quaternary deposits. These are partly associated with smaller streams from hill
slopes, and partly with the Danube. The lithology of these deposits is dominated
by clay, silt, and sandy clay, while close to the Danube sandy gravel prevails.
Anthropogenic landfill is also very important and was encountered all along the
line. Its thickness shows significant variations. At Lágymányosi Street–Bartók B.
Street it is 5.2 m thick, while at Bertalan L. Street–Bartók B. Street it is reduced to
2.8 m. Beneath the anthropogenic landfill, clay, silt, and silty sand are most
common, with a thickness of 7–13 m, according to Farkas et al. (1999).
Dataset
Between 1966 and 1980 more than 500 cores with a total length of approx. 20 km
were cut for the evaluation of the new metro line. The depths of these corings
were between 30–200 m (Hegyi et al. 1981). In addition to these, new sets of
exploratory cores were cut in the 1990s (Geovil 2005). 
For the engineering geologic evaluation of overcompacted claystone, 41 cores
were selected. These cores were cut between 1977 and 1999 using double or triple-
casing techniques. The location of the corings and their codes are shown on a
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Fig. 2
Simplified stratigraphic columns for 5 stations
simplified map (Fig. 3). The depth of the studied intervals and the number of
samples from each core location are given in Table 1. 
Altogether 482 sampling intervals were selected from the grey Kiscell Clay. The
samples from the weathered upper zone of the clay were not included in the
present study. The sampling depths were between 5.5 and 60 m, although 90% of
the samples were from depths greater than 12 m below surface.
From the selected 482 intervals, nearly 4700 parameters were used for the
engineering geologic evaluation. These parameters include water content (w),
plasticity limit (wp), liquid limit (wL), plasticity index (Ip), consistency index (Ic),
wet density (ρn), dry density (ρd), water-saturated density (ρt), void ratio (e),
porosity (n), ratio of solid particles (s), degree of saturation (Sr), cohesion (c), angle
of friction (ϕ), coefficient of compressibility (Es), modulus of elasticity (E), and
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Fig. 3
Location of studied cores
compressive strength (σc). The number of samples for each parameter is listed in
Table 2.
The amount of available data for each interval is different. No interval with all
17 parameters exists; however, the number of intervals with at least 15 parameters
is 113. Those with at least 8 parameters number 301 (Fig. 4). There are five
parameters, namely water content, plasticity limit, liquid limit, plasticity index,
consistency index, which are available for all samples. 
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Table 1
Data set with code of corings, depth profiles and no. of samples
Table 2
Studied parameters and their abbreviations, no. of samples
Methods
Descriptive statistics was used to analyze and systematize the data set. After
data gathering, items were plotted, grouped, categorized and characterized with
basic statistical parameters such as minimum, maximum, mean, median, mode,
range, standard deviation, coefficient of variation, skewness and kurtosis.
A frequency diagram of every soil-physical characteristic was defined, which
represents the frequency belonging to different variables. Histograms help
filtration of outside values because these occur between the higher and the lower
values; their frequency is low. Non-sampling errors caused by bad data recording
and/or measurement error are independent of data distribution and can therefore
be eliminated. The dataset of over 4700 values was cleaned of outside values.
The frequency diagram is suitable for displaying the normal distribution of
variables; it can help determine by on the face of it. Fit analysis of the empirical
distribution was made using the Kolmogorov–Smirnov test (with the SPSS
Statistics 17.0 software). This test is based on the maximal absolute difference
between the normal and the empirical distribution function, which becomes
sensitive through a correction factor upon the number of elements. The test
function is the following equation, and the null hypothesis means that the
empirical distribution is a normal one.
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Fig. 4
Distribution of number of available physical parameters
It is worthwhile displaying connections between parameters through graphical
representation before using mathematical methods, which demand more
calculation. Parameter pairs were illustrated on scatter plots and regression curves
were fitted on these points using the least-squares method. The strength of the
relationship was characterized by the square of Pearson's correlation coefficient
(R2), such as a real measure. This analysis was made with MS Excel software.
Results
Geostatistical characteristics
Frequency histograms of every geotechnical parameter (Figs 5a, 5b) were made
using statistical software (SPSS Statistics 17.0). Since numerous discrete data were
available, it was categorized in k classes, calculated with the following formula (n
being the number of samples):
Conjectures obtained by graphical representation were proved by the
Kolmogorov–Smirnov test. With this test the following parameters come from a
normal distribution on a 5% significance level: liquid limit, wet, dry and saturated
density, void ratio, porosity, ratio of solid particles, cohesion, angle of friction,
coefficient of compressibility and modulus of elasticity. However, the other
variables are used because of a sufficiently large available sample size.
The statistical characteristics of soil-mechanics variables – such as mean,
median, range, standard deviation, variance, skewness - are shown in Table 3. The
water content is between 4 and 23%, the plasticity limit is from 15 to 31% and the
liquid limit lies between 27.7 and 85.6%. More than half of samples have a
plasticity index above 30%; therefore they are considered to be fat clay. The
minimum of the consistency index is 1.00 and its maximum is 2.0; thus samples
were classified as very stiff clay. The geologic process of the genesis of the Kiscell
Clay explains this.
Wet density is between 1960 and 2510 kg/m3. The 2510 kg/m3 value is also the
upper limit of saturated density, which is explained by the presence of many
totally saturated samples. The mode of its distribution is 1.0 and more than 80%
of the samples have a degree of saturation above 0.7. This is also seen on the
histogram. Void ratio takes up values between 0.13 and 0.68, with a median of 0.37.
Values of cohesion, angle of friction, coefficient of compressibility, modulus of
elasticity and compressive strength cover a wide range, and have wide standard
deviations. Their interpretation indicates that these parameters are very sensitive
to the laboratory testing process. Furthermore, the origin of the samples is not the
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Fig. 5a →
Histogram of soil-physical parameters (part 1)
(1)
k= 1+3.3*lg n (2)
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←Fig. 5b
Histogram of soil-physical parameters (part 2)
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same; consequently it is necessary to build some additional category for these
samples. The basis of this additional categorization could be the different zones,
for example expanded, cracked and rocklike Kiscell Clay, classified by void ratio
or compressive strength values.
Skewness and kurtosis of distribution were analyzed. Skewness is a measure of
symmetry, negative skew indicates that the tail on the left side of the distribution
is longer than on the right side. Consistency index, degree of saturation,
compressive strength and modulus of elasticity show greater dissymmetry.
Kurtosis is a measure of whether the data are peaked (positive value) or flat
(negative value) relative to a normal distribution. Saturation and modulus of
elasticity have a greater degree of peakedness, which means that the mode is
typical of many samples.
Correlation of engineering geologic parameters
To begin with the relationships between depth and other parameters are
illustrated. The point pairs of depth and wet density are plotted in Fig. 6. The
regression function is exponential; its inverse equation is as follows (ρw in
[kg/m3], depth in [m]):
The function shows that wet density increases with growth of depth but that
the gradient increases, and that the change of density decreases with increasing
depth. Correlation is relatively strong between variables; the square of the
correlation coefficient is 0.58.
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Fig. 6
Relationship between depth and wet density
(3)ρw = 333.3 ln (37.3 × depth)
Figure 7 shows the connection between depth and void ratio. The best fitted
curve (R2=0.59) is a power function inverse equation, which is (depth in [m]):
The variables change in opposing directions and the function gradient
decreases with the increase of void ratio.
Water content also is related to wet density and void ratio (Figs 8 and 9). The
relationships can be characterized with linear function estimated equations,
which are:
Wet density and void ratio affect depth and water content in opposite
directions. Therefore the deeper the sample comes from, the higher the wet
density and the lower void ratio it has, and the higher the water content is, the
lower the wet density and the higher the void ratio of the sample. Accordingly
wet density and void ratio are connected to one another (Fig. 10), and this
relationship is strong (R2=0.93) and negative.
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(4)
(5)
w = 21.5 × e+5.3 (6)
ρw = –973 × e + 2628 (7)
Fig. 7
Relationship between depth and void ratio
w = 0.0214 × ρw + 61.7
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Fig. 9
Relationship between water content and void ratio
Fig. 8
Relationship between water content and wet density
Between the different densities a strong linear connection can be noticed (Fig.
11). The coefficients of determination are 0.92 and 0.99. The regression functions
are:
The water saturated state can be demonstrated withal  line describing the
relation between dry and theoretically saturated. Saturated density is obtained in
the following way:
The line that plots the connection between wet and dry density is steeper than
that of the function of dry and saturated, so the higher the dry density values are,
the closer wet density values are denoted by saturated density values. This
correlates with the above-mentioned relationship between density and void ratio,
indicating that the Kiscell Clay has a high average degree of saturation (0.85).
Finally the plasticity diagram was also plotted (Fig. 12) with the A-line of
Casagrande. The connection between plasticity index and liquid limit was
described by a linear equation with a high correlation value (R2=0.95).
The values are located above A-line; therefore their origin is not organic.
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ρw = 0.68 ρd + 873
ρs = 0.63 ρd + 1007
(8)
(9)
(10)
Fig. 10
Relationship between wet density and void ratio
Ip=0.93(wL–17.6) (11)
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Fig. 12
Relationship between plasticity index and liquid limit (plasticity diagram with A-line)
Fig. 11
Relationship between different densities (wet, dry, water-saturated)
Discussions
The application of an engineering-geologic evaluation of geotechnical data sets
is becoming increasingly common (Erguler and Ulusay 2009). The reason for this
is that it is usually not easy to perform the investigations; the most important
parameters, such ass cohesion and angle of friction, are very difficult to measure
(Goktepe et al. 2008). The statistical evaluation of previous field information can
provide useful results for new engineering-geologic (or geotechnical) projects.
Due to engineering requirements, geostatistical methods also help in optimizing
data sets (Marache et al. 2009).
The geostatistical parameters of previous data can be used to identify the
different geologic units, and graphically plot them as engineering-geologic maps
(Marache et al. 2009). This is useful when the investigated area has a more
complex geology. The thickness of clay layers were investigated statistically by
Salman et al. (2009).
When the investigated area consist of one main geological unit, the
geostatistical analyses are very useful in terms of estimating the geotechnical
parameters of this unit (Görög 2007a). However, our research has found that there
are parameters that can be correlated (e.g. depth and wet density; Fig. 6) while
others such as compressive strength and density show less of a relationship. These
results indicate that further statistical evaluation is needed and three-function
analyses might provide better results.
Conclusions
Based on the data set of 4700 engineering-geologic parameters from 41 cores,
water content, liquid limit, plasticity index, densities, void ratio and degree of
saturation show a lower standard deviation. 
The water content varies between 4 and 23%, since more than half of the
studied clays belong to high plasticity clays. 
The water-saturated density is between 1960 and 2150 kg/m3, which is in good
agreement with the high degree of saturation (0.85 on average).
Cohesion, coefficient of compressibility, modulus of elasticity and compressive
strength show relatively high standard deviations. These differences can be
related to the differences in laboratory test conditions, namely that these
parameters are very sensitive to test conditions. Another explanation is the minor
differences in lithology.
A clear correlation was found between depth and wet density. The void ratio is
found to be inversely influenced by depth, with an exponential function.
The relationships between the densities (dry, wet and water-saturated) indicate
that with an increase in dry density the difference between the wet and water-
saturated densities gradually diminish. 
The present study demonstrated that the engineering-geologic evaluation of
clayey formations is possible using a large set of engineering-geologic data in
combination with geostatistics.
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Since most of these physical properties are used as input parameters in
engineering-geologic modeling it is necessary to use these data sets with care, by
understanding the major trends. It is important to note that further laboratory
analyses are required for each construction site.
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